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THE DEVELOPMENT OF ADVANCED cell culture systems, capable of accurately measuring the functional output of a variety of cell and tissue types, is one of the targets of recent efforts to engineer complex, physiologically relevant in vitro assay systems for drug development and disease modeling applications (36). Skeletal muscle is one tissue for which in vitro analogs have been developed that are capable of effectively recapitulating the functional maturation and performance of the native tissue through controlled stimulation and measurement of the contractile output of embryonic (8, 39) , neonatal/adult (2, 3, 16) , and human (38) cultured cells. Such systems represent exciting possibilities for drug toxicity/efficacy studies, as well as for the modeling of human disease states in vitro. New in vitro systems that extend these studies to allow functional assessment of muscle maturation and recovery from injury would also be beneficial for advanced exercise physiology applications.
Importantly, the integration of these functional skeletal muscle models with established long-term stimulation parameters and/or hypertrophic drug treatments, such as creatine, will allow investigators to effectively simulate and assess muscle building and exercise in vitro (16, 29 -31) . Application of such technology could have important implications for the study of the training regimes used by elite athletes, as well as for developing appropriate therapies for patients with muscle wasting conditions, such as muscular dystrophy and sarcopenia. Previous work in this field has focused on assessment of the molecular responses and metabolic output of skeletal muscle cells subjected to bouts of in vitro exercise and/or drug treatment (5, 18, 20, 34) . In creatine studies, increased transcript expression for contractile machinery proteins, such as myosin heavy chain (MHC), have been observed in treated cultures (18, 19) . Similarly, an increase in gene expression for markers of mitochondrial biogenesis and measurements suggesting increased glucose metabolism in cells subjected to in vitro exercise protocols has been reported (29 -31) . However, to date, very little work has been done on directly measuring the cell's functional response to such in vitro stimulation regimes. Hence, there remains some ambiguity as to whether the molecular and metabolic changes observed in response to in vitro exercise correspond to a measureable change in the contractile behavior of cultured cells. Moreover, no published work has yet studied the effect of in vitro exercise on muscle fiber (myotube) fatigue, meaning little is known about the fatigability of cultured muscle, or how it compares to the in vivo tissue. Verifying an improvement in cultured skeletal muscle myotube contractility in response to exercise, as well as establishing a physiologically accurate model of fatigue, would be an important step in the development of a functional systems to model exercise physiology in vitro.
In this study, a previously reported (33, 35) serum-free, multiplexed assay system utilizing silicon cantilevers was used to record the contractile output of adult rat skeletal muscle cells subjected to long-term stimulation protocols and creatine treatment. Both long-term stimulation and creatine treatment produced improved peak force (PF) and time-to-fatigue (TTF) data, as well as increased transcript expression for MHC and mitochondrial biogenesis markers, in line with previously published reports. These data highlight not only the functional improvement of muscle cells subjected to bouts of in vitro exercise, but also their biologically correct hypertrophic response to treatment with a known muscle building compound (15, 18, 19, 27) . The use of multiplexed microscale cantilevers facilitates the interrogation of individual myotubes, allowing analysis of the effects of exercise and/or drug treatment at the single-cell level, but, since each cantilever is a separate experiment, with a high statistical power. Mathematical scaling of measured outputs is possible using this model (33, 39) , enabling data obtained at the single-cell level to be used in predictions of whole tissue responses to physical and chemical challenges.
MATERIALS AND METHODS
Cantilever fabrication and surface preparation. Cantilever chips were fabricated from silicon wafers, using previously published methods (7, 39) . Briefly, 100-mm silicon-on-insulator wafers had a 4-mthick device layer and buried oxide layer of 1 m. In the device layer, the cantilevers were patterned using S1818 photoresist and etched using deep reactive ion etching. To protect the cantilevers during processing, a 1-m-layer of silicon dioxide was deposited on the top surface. The bottom of the wafer was similarly patterned and etched so that the silicon beneath the cantilevers was removed, producing a large window underneath. The oxide layers were removed using a buffered oxide etch solution. The resulting structures were silicon cantilevers that could be imaged from above and interrogated with a laser from below.
These cantilevers, as well as the coverslip controls used in this study, were coated with an amine-terminated alkylsilane, (3-trimethoxysilyl propyl) diethylenetriamine (DETA) (United Chemical Technologies, Bristol, PA) using methods previously described (6, 13, 14, 39) . DETA is an analog of spermidine, which is known to promote long-term survival of cells in vitro, and has been previously validated in the culture of various cell types (9, 23) . Thus it was used in this study as a surface coating, to promote cell adhesion and survival.
The silanization of the cantilever surfaces with DETA was performed using a solution of 0.1% (vol/vol) DETA-silane in toluene, heated to 70°C for 30 min, followed by a series of toluene rinses, and reheating to 70°C for 30 min in fresh toluene to remove any unreacted silane. The surfaces were oven cured at 110°C for 2 h and stored in a desiccator until use. The surface coating composition was verified using X-ray photoelectron spectroscopy and contact angle goniometry.
Dissection and cell culture. Adult rats were euthanized using excess CO2 in accordance with Institutional Animal Care and Use Committee standards. All care and experimental procedures were performed under the approval of the University of Central Florida Institutional Animal Care and Use Committee project no. 14 -35, approved annually, and expiring on 9/4/2015. The tibialis anterior muscles were isolated from the left and right hindlimbs. The muscles were placed in a dish containing phosphate-buffered saline (PBS), and scalpels were used to remove excess skin and hair. The muscles were then transferred to a Petri dish containing an enzyme solution consisting of 20 ml Dulbecco's modified Eagle's medium (DMEM), 25 mg collagenase type I (Worthington, Lakewood, NJ), and 1 mg neutral protease (Worthington). The tissue was minced in this dish, and the resulting fragments were transferred to a 50-ml conical tube. This tube was placed horizontally in a 37°C water bath and left for 1 h at 100 rpm. Following this enzymatic digestion, the tube was removed from the water bath, and its contents were mechanically triturated and filtered through a 100-m mesh to remove undigested tissue fragments. The tube was then centrifuged at 400 g for 4 min. The cell pellet was resuspended in 20 ml of DMEM and then separated into two 100-mm Petri dishes. These dishes were placed in an incubator for 45 min to allow adhesion of fibroblasts to the surfaces and so enrich the nonadherent population for myogenic cells. The dishes' contents were then collected in a 50-ml tube and centrifuged again at 400 g for 4 min. The cell pellet was resuspended in 4 ml of proliferation medium (Table 1 ) and plated onto four DETA coverslips in a 12-well plate and was left to incubate overnight. The following day, the medium was collected into a 50-ml tube and centrifuged at 400 g for 4 min. The supernatant was removed, and the cell pellet was again resuspended in proliferation medium. The cells were plated onto seven coverslips and six cantilever chips and left overnight. The following day, the medium on these plates was aspirated, and 1 ml fresh proliferation medium was added to each well. Once the plated cells achieved confluency and myotubes began to form (at about 6 days after the first plating), 500 l of differentiation medium (50:50 neurobasal-L15 medium plus 10 ng/ml insulin-like growth factor) were added to each well. Every 4 days subsequently, one-half of the culture medium on each well was replaced with fresh differentiation medium. Cultures were maintained for 7-9 days after addition of differentiation medium before analysis.
Chronic low-frequency stimulation protocol and creatine treatment. After 7-9 days in differentiation medium, two cantilevers and one coverslip were placed into a chronic low-frequency stimulation (CLFS) apparatus. The remaining cantilevers and coverslips were used as unstimulated controls. The apparatus consisted of carbon electrodes housed in a six-well plate and connected to a pulse stimulator. Electrical pulses had a magnitude of 3 V, with a pulse width of 1.5 ms; five pulses were delivered to the cultures at 20 Hz every 4 s. This stimulation protocol was devised based on previously published work (17, 32) . The cultures were incubated at 37°C within this apparatus for 4 -7 days, and the medium was replaced every other day. Similarly, cultures were fed with medium supplemented with 40 mM creatine (Sigma) following 7-9 days in differentiation medium. Cultures were maintained in creatine-containing medium for a further 4 -7 days before analysis, and the medium was replaced every other day.
PF and TTF calculation. A laser and photo-detector system, adapted from Atomic Force Microscopy technology, was utilized to calculate PF of individual myotube contractions, as well as the myotubes' TTF ( Fig. 1) . Application of this system for similar studies has been described in detail elsewhere (33, 35) . Each cantilever chip was transferred to a heated stage housed within a modified electrophysiology rig. The culture dish on this heated stage was filled with differentiation medium (ϩ10 mM HEPES) to maintain the cells during analysis.
Briefly, the automated system consisted of a class 2 photodiode laser positioned below the stage so that the beam was focused on the cantilever tip and reflected into the center of a four-quadrant photodetector (8, 40) . A pulse stimulator was used to generate pulses capable of eliciting contraction in the cultured myotubes. The biphasic pulses were 3 V in magnitude and had a pulse width of 40 ms, with a frequency of 1 Hz. The resulting cantilever deflection was measured in terms of laser displacement (in V). Software was written in LabVIEW (National Instruments) to control laser and photo-detector positioning to allow scanning across all cantilevers on each chip for contractile activity. The acquired raw data were converted into a direct measurement of force using a modified Stoney's equation. Previous work (33) had demonstrated that measurements analyzed using the Stoney equation with a similar cantilever system exhibited strong correlation with data generated using finite-element analysis, which takes into account a more detailed set of cell dimensions when aFGF and bFGF, acidic and basic fibroblast growth factor, respectively; CNTF, ciliary neurotrophic factor; NT-3 and NT-4, neurotrophin-3 and -4, respectively; GDNF, glial-derived neurotrophic factor; BDNF, brain-derived neurotrophic factor; CT-1, cardiotrophin-1; LIF, leukemia inhibitory factor.
calculating force production. The assumptions made for analysis using the Stoney equation were, therefore, deemed acceptable for determining changes in force production per cell in response to creatine treatment and long-term stimulation.
To determine which cantilevers had contracting myotubes, the chip in the culture dish was first subjected to broad field electrical stimulation using the stimulation parameters listed above. The cantilevers were scanned for 5 s each to elicit and record contractile responses. The active cantilevers were then scanned, with continuous electrical stimulation, until their PF was reduced by one-half. Thus the TTF was calculated by measuring the time elapsed in which a 50% reduction in PF was observed. Subsequent bright-field images were collected of each contracting cantilever, and those supporting multiple myotubes were discounted from further analysis to ensure the calculation of force generated per myotube was accurate. Preliminary studies were performed to ensure that this 50% reduction in PF was indicative of myotube fatigue and not physical damage to the myotubes, such as tearing of the sarcolemma induced by stimulation. After a 7-min rest and recovery period, ϳ88% of original PF was observed, suggesting force reduction was indeed due to cellular exhaustion (data not shown).
Immunocytochemistry. Cells were fixed for 10 min in 4% paraformaldehyde in PBS. These cultures were then permeabilized with 0.1% Triton 100 in PBS for 20 min, followed by a 20-min incubation in 5% donkey serum with 0.1% bovine serum albumin in PBS (blocking solution). The blocking solution was then removed, and the cells were further incubated overnight at 4°C in a primary antibody solution consisting of a mouse monoclonal antibody against MHC (DSHB A4.1025) at a 1:10 dilution in blocking solution. The cells were washed three times with PBS and then incubated in the dark for 2 h at room temperature with a secondary antibody solution consisting of a donkey anti-mouse Alexafluor-594 conjugate diluted 1:200 in blocking solution. The cells were washed three times in PBS before being mounted on microscope slides using a hard-set DAPI-containing mounting medium (Vectashield) for visualization.
Quantitative polymerase chain reaction. Samples designated for PCR analysis were homogenized in TRIzol reagent, and the RNA isolated according to the manufacturer's protocol. Purified RNA was converted to cDNA, and the quantitative polymerase chain reactions (qPCR) were run using the BIO-RAD iScript One-Step RT-PCR kit with SYBR Green (BIO-RAD Laboratories, Hercules, CA; catalog no. 170 -8892), according to the manufacturer's protocol. Briefly, the PCR reaction mixture (12.5 l 2 ϫ SYBR Green RT-PCR reaction mix, 0.5 l iScript reverse transcriptase, 0.75 l forward primer, 0.75 l reverse primer, 10 ng RNA template, and nuclease-free water to a total reaction volume of 25 l) was prepared for each gene to be analyzed from each sample in triplicate wells of a 48-well plate. PCR primers used in this study were taken from those previously tested and verified (Table 2 ) (12). The reaction plate was then transferred to an MJ Mini thermal cycler (Bio-Rad) and incubated at 50°C for 10 min and 95°C for 5 min before being cycled 40 times at 95°C for 10 s, followed by 60°C for 30 s. The qPCR protocol and fluorescent output from the reactions were implemented and recorded using Opticon Monitor software (Bio-Rad).
The threshold cycle (C T) was defined as the fractional cycle at which the fluorescence generated by the binding of SYBR Green molecules to double-stranded DNA exceeded a fixed threshold above the baseline. The amount of each target gene present in the sample was quantitated using the comparative C T method (21) . Mean CT values from triplicate reactions for each sample were determined and normalized to that of an endogenous housekeeping gene (␤-actin) run in parallel. The amount of target amplification relative to the endogenous control was calculated using the formula 2 Ϫ⌬⌬CT . Image analysis. The width of myotubes cultured on cantilevers was measured as a means to estimate cross-sectional area (CSA). Phasecontrast images were collected using a Zeiss Axiovert 200 inverted microscope and analyzed using ImageJ software. Lines were drawn vertically across each image at points one-third from each edge of the field of view. The width of each myotube that crossed either of these lines was measured at that point to eliminate selection bias. Fig. 1 . Images of adult-derived skeletal muscle myotubes. Phase-contrast images are shown of myotubes on silicon cantilevers at ϫ10 (A) and ϫ20 (B) magnification. C: immunostaining of cultures using an antibody against myosin heavy chain (MHC) with all classes (A4.1025, DSHB) indicating highly striated and mature muscle fibers. Scale bar ϭ 100 m.
Table 2. PCR primer sequences

Gene
Sequence (5= to 3=)
MHC, myosin heavy chain; FWD, forward; REV, reverse; PGC-1␣, peroxisome proliferator-activated receptor-␣ coactivator-1; ERR-␥, estrogen-related receptor-␥.
Statistical analysis.
All experiments were repeated at least three times using cultures prepared on different days, with tissue from different animals. Differences in force and TTF measurements among the three conditions ("untreated", "CLFS", "creatine treated") were each evaluated statistically using one-way repeated-measures ANOVA (␣ ϭ 0.05). Following the repeated-measures ANOVA with a statistically significant F-statistic, means were compared using Tukey's honestly significant difference test for multiple comparisons (␣ ϭ 0.05). qPCR expression data for CLFS and creatine-treated samples were expressed relative to untreated controls; as such, control values were always 1. For these experiments, a one-sample T-test was used to calculate whether or not mean expression levels were statistically different from 1. All values noted in the text are expressed as means Ϯ SE.
RESULTS
Primary adult rat skeletal muscle myotubes were maintained on silicon cantilevers for 14 days in differentiation medium before being analyzed for contractile function. Immunocytochemical analysis at this time point demonstrated the development of a distinct striated morphology, indicating the formation of mature and functionally capable sarcomeres within these cells (Fig. 1) . This end point enabled maximal levels of myotube differentiation and maturation (ϳ70% of cultured myotubes responded to broad-field stimulation), while minimizing myotube loss due to detachment and thereby maximizing data collection.
Functional assessment of cultured myotubes. Using the described protocol, contractile activity was recorded from the cultured myotubes, verifying the ability for this system to measure the functional contraction ( Fig. 2A) . Continuous recording of stimulated cantilever cultures indicated substantial reductions in PF measurements over extended periods that enabled the assessment of skeletal muscle fatigue in real-time (Fig. 2B) . Analysis of functional data from the experimental conditions demonstrated that both creatine treatment and longterm stimulation produced significant increases in PF compared with untreated controls (Fig. 3A , P Ͻ 0.02). No significant differences were observed between creatine treated and CLFS cultures over 4-or 7-day applications (P Ͼ 0.5). Similarly, creatine and CLFS regimens were found to statistically increase the TTF capacities of cultured myotubes roughly fivefold, compared with untreated controls (Fig. 3B , P Ͻ 0.001). No significant differences in TTF were observed between any of the treatment regimens examined (P Ͼ 0.6). These combined data suggest that each treatment regime examined was capable of promoting the same magnitude of functional improvement in myotube performance over the time course investigated in this study.
Assessment of hypertrophy in cultured myotubes. During the culture of the primary adult skeletal muscle cells, it was observed that creatine-treated cultures developed substantially thicker myotubes than all other conditions examined (Fig. 4) . Image analysis confirmed that 4-and 7-day creatine-treated cultures promoted a significant increase in myotube CSA compared with both CLFS and untreated controls (n ϭ 3, P Ͻ 0.0001). Both creatine treatment and CLFS were found to improve functional performance, but only creatine treatment produced a significant hypertrophic response in the cultured myotubes. The collected data, therefore, implied that the observed differences in functional performance between treated and untreated cultures were due to the adaptation of different molecular mechanisms activated through the two methods of myotube stimulation employed. Gene expression analysis of cultured myotubes. Data collected from qPCR experiments highlight that both creatine treatment and CLFS have a significant effect on transcription profiles within primary adult myotubes in vitro. Application of creatine to cultured cells for 4 days produced a two-to fourfold increase in all MHC transcripts examined (n ϭ 4, P Ͻ 0.002, Fig. 5 ), whereas 4-day CLFS protocols were found to promote an upregulation in estrogen-related receptor-␥ transcripts (n ϭ 3, P Ͻ 0.03). The differences observed in upregulated genes within these cultures highlight the alternative pathways activated by the treatment regimens examined. The collected data confirmed the physiological differences in myotube CSA discussed earlier and are in line with previously published work assessing the hypertrophic effect of creatine on skeletal muscle and the cellular response to chronic exercise regimes in vivo and in vitro (15, 22, 27) .
DISCUSSION
The development and widespread application of an in vitro model of exercise and fatigue capable of modeling skeletal muscle functional response would be of substantial benefit to exercise physiology studies and investigations of muscle building and wasting. While three-dimensional cultures have obvious advantages for modeling whole tissue behavior, multiplexed, twodimensional systems are more easily adapted for application in high-throughput drug efficacy/toxicity studies. Furthermore, the ability to record contractile data from individual myotubes is useful for examining alterations in individual muscle fiber phenotype in healthy and diseased states. Multiplexed cantilever assays provide information on maturation and performance variability between myotubes and provide multiple data points for the generation of more statistically relevant observations. Analysis of three-dimensional myotube bundles either relies on integration of invasive force transducers or lower resolution optical mapping. The noninvasive nature of the cantilever analysis system means cultures can be reanalyzed at multiple time points for continued assessment of individual cells. The high-resolution data-acquisition system, utilizing laser and photo-detector hardware, enables higher sampling rates (1,000 Hz) than optical techniques (5-500 Hz), facilitating more in depth analysis of changes in functional contractile waveforms. Finally, two-dimensional systems, such as the one described here, are likely to be more readily integrated with complex, multicell-type platforms for body-on-a-chip applications (10, 36, 41) and for developing phenotypic assays for drug evaluation.
Previous work in this laboratory has developed and optimized this cantilever system for assessing embryonic myotube development (35, 40) . While such a culture model is beneficial as a proof of principle, application of this technology to investigate age-related myopathies and exercise regimens in aged tissue would benefit from integration of the cantilever platform with cells derived from adult tissue. This study builds on the published data to utilize a cell population derived from adult tissue within a functional in vitro assay system designed to quantify contractile responses in real-time and over extended periods in response to both drug and exercise treatments. The collected data demonstrate that this multiplexed cantilever array can be used to effectively monitor rates of muscle fatigue in vitro. While previous work from a number of groups (17, 24, 30, 32) has used long-term stimulation and creatine treatment to evaluate molecular changes during cellular development in vitro, this study is the first to assess the effect of such treatment applications on long-term functional performance. Such data are important for confirming that the molecular changes observed in vitro correlate to alterations in functional output, thereby validating such studies for producing predictions of whole tissue responses in vivo.
Analysis of the cultured cells highlights that both PF generation and rates of fatigue improve significantly in response to either creatine or long-term stimulation protocols. The observed improvements to myotube output and endurance correlate to established data evaluating the effects of similar treatments in vivo (1, 11, 25, 28, 37) . Assessment of gene transcription profiles in treated cells suggests that the improvements to functional output induced by these treatments are facilitated by activation of different molecular mechanisms. Creatine application promoted a hypertrophic response in the cultured cells, leading to the upregulation of contractile protein apparatus and the maturation of sarcomeric structures, resulting in myotubes with significantly larger CSAs compared with untreated controls (Figs. 4 and 5 , P Ͻ 0.0001). Long-term stimulation is known to initiate alterations in transcription of genes relating to mitochondrial biogenesis, such as estrogenrelated receptor-␥ (5, 22, 26) . Upregulation of these genes likely induces increased mitochondrial presence within these cells, facilitating a greater endurance capacity (5, 34) . This understanding of the effects of long-term stimulation on skeletal muscle is supported by the data presented in this study (Fig. 5) .
Improvements to PF observed in CLFS cultures suggest the repeated stimulation likely also had an effect on sarcomeric development in these cultures. No significant difference was observed in PF production between creatine-treated cultures and those subjected to CLFS. However, significant differences in myotube CSA were observed between these culture conditions. Together, these data imply that creatine treatment promoted a hypertrophic response, leading to greater myotube volumes and, therefore, more cytoplasmic space for sarcomere formation, resulting in greater PF production. Since no hypertrophic response or upregulation of MHC transcripts was observed in CLFS cultures, the observed improvements in force likely result from improved development of the sarcomeres already present within these cells. Previously reported results indicate evidence for the upregulation of myosin synthesis in electrically stimulated in vitro cultures utilizing chick (4) and C 2 C 12 cell lines (21) . On the surface, these data seem contradictory to those presented in this paper. However, there are significant differences between this work and those published previously that inhibit direct comparison. Our protocol provides a defined, serum-free medium formulation that eliminates many unknown factors contributed to the culture system by fetal bovine serum addition. The use of serum in the cited work may have led to the generation of significantly altered responses to electrical stimulation, due to the activation of different pathways by unknown factors in the medium. The use of our defined culture system obviates this issue, thereby providing a more controlled environment for investigating the direct effects of electrical stimulation on culture maturation and development. Furthermore, our functional assay system utilizes cells derived from adult rat tissue, which may demonstrate significantly different physiological responses to longterm electrical stimulation than alternate cell sources.
This study provides baseline parameters for measuring endurance of single fibers in vitro. While previous studies have characterized fatigue parameters in vivo, this study is the first to do so for in vitro muscle fibers. As such, it was necessary to determine an appropriate level of PF decline, which could be taken as evidence of muscle fatigue. Using the described functional assay, it is not possible to characterize a 100% force reduction, since the baseline fluctuations make such small recordings unreliable. Muscle failure, as is measured in vivo, is not possible to investigate in this system, since failure does not necessarily confirm that the muscle fibers are no longer contracting, but rather that they are no longer able to generate sufficient force to overcome the mass of the animal. It is not clear at what point this occurs and how much variability exists between different muscle types and between individuals. The parameters assessed in this study provide the means to compare between experimental repeats and facilitate normalization of measurements to a consistent evaluation of cellular exhaustion to potentially produce a more reliable assay of muscle function than some in vivo models. Measurement of a 50% reduction in PF is sufficient to reliably compare fatiguability between experimental samples while restraining experimental lengths to a time-frame that would facilitate investigation of multiple cellular phenotypes and/or treatments on a given day. This system demonstrates, for the first time, the capacity to directly measure both absolute PF and rates of fatigue in individual cultured myotubes. The developed system thereby allows full functional assessment of skeletal muscle responses to both small-molecule treatment and exercise regimes controlled via broad-field electrical stimulation. The successful application of cells derived from adult tissue and maintained in serum-free defined culture conditions makes this model appropriate for investigations of adult myopathies and/or drug efficacy and toxicity studies by utilizing a phenotypic assay system. The model is also appropriate to combine with molecular biological techniques for advanced mechanistic studies, as well as target identification in drug evaluations. Further development of this model to improve its high-throughput nature will likely be beneficial to future preclinical screening technologies and exercise physiology protocols.
